The leading electronic interactions governing the local physics of the CE phase of half-doped manganites are extracted from correlated ab initio calculations performed on an embedded cluster.
I. INTRODUCTION
Although numerous theoretical and experimental studies have been devoted to the understanding of the various phase transitions occuring in doped manganites, 1 their electronic structure near half doping is still not fully understood. 2 La 0.5 Ca 0.5 MnO 3 is antiferromagnetic below the Néel temperature T N and paramagnetic for T > T CO , where CO stands for charge-ordered. For intermediate temperatures T N < T < T CO two different electronic stuctures have been proposed. In the first one, a charge order prevails and the magnetic phase exhibits a CE-type ordering of the magnetic moments. 3, 4 In the second electronic structure, Ab initio calculations confirm the existence 7 of a charge-ordered phase (partial localization of the holes on one type of Mn ions) in the crystallographic structure of Radaelli et al. 4 while a polaronic order 7, 8, 9, 10 (delocalized holes between pairs of Mn ions) is obtained for the crystallographic structure of Daoud Aladine et al. 5 It is worth to note that in both cases correlated ab initio calculations point out that there is a rather strong O to Mn charge transfer, resulting in a partial localization of the holes on the bridging oxygens. UHF and DFT periodic calculations 11, 12, 13 The impact of this partial localization of the holes on the oxygen sites has recently been studied in the peculiar case of a Zener polaron i.e. using the crystal structure of Daoud Aladine et al. 5 The two Mn ions in the Zener polaron have an almost identical coordination, and hence, several symmetric models have been derived and their solutions contrasted with ab initio results. 8, 9 It has been shown that i) a truncated-Hubbard in which all the dominant configurations are treated variationally can be mapped both on the Heisenberg and the usual DE model owing to the mixing of the bridging oxygen and Mn ions orbitals.
9 ii) the energies of the eight lowest states of the Heisenberg and the usual DE models are analytically identical and in qualitative agreement with those of the ab initio spectrum.
9,10
iii) a significant improvement is observed when the non-Hund excited atomic states are explicitely introduced in the modelization. 8 The remarkable accuracy of the resulting model spectrum finally shows that the Zener polaron physics is actually ruled by a refined DE mechanism where non-Hund atomic states play a non negligible role.
The present paper focuses on the local electronic structure of the charge-ordered crystallographic structure of La 0.5 Ca 0.5 MnO 3 . For this purpose we have studied an embedded cluster containing two corner-sharing MnO 6 octahedra using the crystal structure determined by Radealli et al. 4 The To reproduce the crystal environment, the cluster is embedded in a set of optimized point charges which accurately reproduces the Madelung potential of the crystal. Total Ion Potentials (TIP) have been used to represent the Mn, La and Ca cations coordinated to the oxygen atoms of the cluster (see Fig. 1 ). Additional information can be found in Ref. 7, where it is shown that this embedding provides reliable results on the ground state of the system.
The electronic structure of the cluster has been studied using the complete active space second-order perturbation theory (CASPT2) method 17, 18, 19, 20 implemented in the molcas package. 21 The orbitals are expanded with extended basis sets of ANO type: Using the ab initio spectrum and the effective Hamiltonian theory of Bloch, 15, 16 it is possible to extract the main electronic interactions of the different models. Since the number of electronic interactions is smaller than the number of electronic states described by the model space, the value of the effective interactions is fitted to optimally reproduce the ab initio spectrum. The mean error per state can be evaluated with the following expression:
where N is the number of states described by the model Hamiltonian, E AI and E M are respectively the ab initio and model energies of state i, and ∆E AI the ab initio spectrum width.
Both the comparison of the so-obtained model spectra to the ab initio one and the size of the error per state give rational arguments to discriminate between different modelizations.
III. DESCRIPTION OF THE DIFFERENT MODELS
A. The Heisenberg model
If the holes are essentially localized on the oxygens O c then the wave functions of the lower energy states are dominated by electronic configurations with nine unpaired electrons.
This is compatible with a Mn
b electronic struture and the appropriate model Hamiltonian is the Heisenberg Hamiltonian. In a non-symmetric cluster, its specific form as a function of the exchange integrals between the three magnetic centers is:
where J 
In a non-symmetric and therefore charge-ordered system the potential energy curve of the and are given by the expression:
where S The values of t, J and the product ∆q are determined by minimizing ǫ, defined in Eq. 1.
The expression of the variable q min at the minimum of the ground state energy can be obtained from the zero of the first derivative of the energy:
Knowing the product ∆q and the value of q at the minimum, it is possible to determine the value of the curvature ∆ and to draw the full potential energy curves as a function of q.
The hopping parameter can also be extracted directly from the energies and wave functions of the two octet states without fitting the ab initio spectrum to a model Hamiltonian.
To validate our numerical fitting procedure, we compare the t-values obtained in both procedures. The symmetrically orthonormalized projections of the adiabatic octet state wave functions onto the model space are:
where π 4
−φ characterizes the charge localization. From these expressions, the des Cloizeaux 16 formalism allows us to extract the hopping integral as follows:
C. Explicit treatment of the non-Hund excited atomic spin states 
Again, the electronic interactions t, δ H , J and the product ∆q are numerically optimized such that the model spectrum optimally fits the ab initio one. Since the contribution of the non-Hund states is zero in the highest spin states and therefore in the ground state, the extraction of q min (and then ∆) is performed using Eq. 5.
IV. CONTRASTING THE MODELS TO AB INITIO RESULTS

A. Comparison of the spectra
Taking the CASSCF wave functions as references, we determined the second-order perturbation theory MS-CASPT2 spectrum for the low-lying states of the cluster. The ordering of the states is the following:
which is compatible with all the here-considered models. The electronic interactions of the different models optimized in order to reproduce at best the ab initio spectrum are given in Table I and the corresponding model spectra are represented in Figure 2 together with the MS-CASPT2 spectrum. Using Eq. 7, we validate the numerical fitting procedure.
Unfortunately, the comparison cannot be done at the MS-CASPT2 level since this method does not provide the necessary wave function coefficients. 29 Instead, we take the spectrum provided by the zeroth-order wave function and extract t both by fitting the usual DE Hamiltonian and by applying Eq. 7. The respective values of 0.9043 eV and 0.9108 eV compare very well.
From the comparison of the different spectra, it appears that the qualitative features of the ab initio spectrum are reproduced in all model spectra, legitimating the consideration of the three different models. Notice that this is not the case for all Hamiltonians: The mechanism proposed by Zener, 6 which only considers the hopping integral and does not introduce any antiferromagnetic contribution, cannot reproduce the ab initio spectrum.
8
Concerning the extracted electronic interactions and the mean error per state of the different models, several comments can be made.
• The mean error per state of the usual DE and Heisenberg models are similar but not strictly identical as in the symmetric cluster.
8,9
• As already observed for symmetric DE compounds, the explicit consideration of the non-Hund atomic states improves quantitatively the reproduction of the ab initio spectrum and therefore the modelization. An error of only 0.14% is obtained for the refined DE model.
• The non-symmetry of the cluster (which is responsible for the charge ordering) is reflected in the difference of the J 1 and J 3 exchange integral values of the Heisenberg model. The very large value of J 3 shows the covalent character of the interaction between Mn b and the bridging O c oxygen. Actually, the value is so large that it even questions the validity of a purely magnetic description of the cluster.
• The values of the electronic interactions t and J extracted from the two DE models are qualitatively different. In particular, the value of the exchange integral J 31, 32 We have seen in the previous subsection that the model spectra present the same qualitative features as the ab initio spectrum at the experimental geometry.
As shown in Sec. III B, the curvature ∆ of the potential energy curves of the diabatic spin states can be extracted from the calculated spectrum. From the value of ∆ and the On the contrary, the octet potential energy curve is the lowest state over the whole interval for the refined DE model.
This qualitative disagreement between the usual DE model and the ab initio calculation is due to the overestimation of the exchange integral J. In absence of the hopping integral t the coupling between the left and right diabatic states through the hopping integral is more effective in the highest spin state. Hence, this interaction, which is the largest interaction of the DE mechanism, should induce a high spin ground state. However, the artificially large J makes that the hopping interaction is not large enough to restaure a ferromagnetic order in the usual DE model. As a consequence, the lowest potential energy well is the doublet state one. The minimum of this potential energy curve lies at q min =±0.97, 0.06 eV below the minimum in the octet curve at ±0.32. Owing to the antiferromagnetic contribution of the non-Hund states in the refined DE model, the optimized exchange integral J is properly estimated and both the spectrum at the experimental geometry and the potential energy curves of the different states reproduce the correct physics of the system. 
V. CONCLUSIONS
The extraction of local electronic structure parameters in the CE-phase of the half-doped manganite La 0.5 Ca 0.5 MnO 3 reveals that the local physics can accurately be described with a model Hamiltonian that includes the usual double exchange physics of mixed valence compounds plus an additional term due to the non-Hund states. The large t-value (1.3 eV) indicates a rather mobile electron and hence small charge disproportionation. In fact,
Mulliken population analysis associates a slightly higher charge to the Mn-ion in the JahnTeller distorted site. The difference between both sites is 0.07 electron. Although absolute The PKS model provides a simple recipe to obtain the potential energy curves of the low-lying states as function of the distortion parameter q and hence obtain more detailed information about the local electronic physics. The curves for the low-lying states show a double well, where the minimum of the high spin ground state curve lies at q ± 0.38. This corresponds to a situation in between the completely delocalized solution with q min = 0 and the completely localized solution for q min =±1. The latter solution has a disproportionation of 1 electron while for the q min =0 situation there is no barrier and the charge disproportionation has completely disappeared.
34
The height of the barrier between left and right localized solutions is 0.04 eV for the octet ground state of the embedded cluster. Our model study only considers local distortions around the two Mn-sites considered in the cluster and the collective nature of the distortions in the CE-phase could lead to higher barriers. Obviously these effects should be included in order to be conclusive about the nature of the local electronic structure of the halfdoped manganite; charge ordered or delocalized (Zener polaron) as proposed in Ref. 5 .
Nevertheless, the smallness of the barrier is in line with the two different interpretations obtained by experimentalists and the controversy in the literature.
